Glutamine synthetase (GS) is an important enzyme for nitrogen assimilation, and GS2, encoded by GLN2, is the only plastid-type GS in Arabidopsis thaliana. A co-expression analysis suggested that the expression level of the gene encoding a uridylyltransferase-like protein, ACR11, is strongly correlated with GLN2 expression levels. Here we showed that the recombinant ACR11 protein increased GS2 activity in vitro by reducing the K m values of its substrate glutamine. A T-DNA insertion mutant of ACR11 exhibited a reduced GS activity under low nitrate conditions and reduced glutamine levels. Biochemical analyses revealed that ACR11 and GS2 interacted both in vitro and in vivo. These data demonstrate that ACR11 is an activator of GS2, giving it a mechanistic role in the nitrogen assimilation of A. thaliana.
Introduction
Glutamine synthetase (GS; EC 6.3.1.2) catalyzes the generation of glutamine from glutamate and ammonium. Glutamate synthase (GOGAT; EC1.4.7.1 or EC1.4.1.14) produces two molecules of glutamate from glutamine and 2-oxoglutarate. These two reactions form the GS-GOGAT cycle that is indispensable for nitrogen assimilation in all organisms. GS proteins in plants are divided into two groups based on their localization: GS1 in the cytosol and GS2 in the organelles (Taira et al. 2004) . Arabidopsis thaliana contains five GS1 proteins (GS1;1-GS1;5 encoded by GLN1;1-GLN1;5) and one GS2 protein (encoded by GLN2) (Arabidopsis Genome Initiative 2000). GLN2 is encoded by the nuclear genome and GS2 proteins are localized in plastids and mitochondria (Taira et al. 2004 ). The levels of GLN2 mRNAs and GS2 proteins are higher in leaves than in roots (Ishiyama et al. 2004) , and GLN2 expression is up-regulated by the dark to light transition or the addition of sucrose to plants in the dark (Melo-Oliveira et al. 1996) . The GS1 protein level in the rosette leaves changes with aging, while GS2 protein levels are constant (Lemaitre et al. 2008) .
The post-translational regulation of plastid-type GS has been analyzed by several groups. The GS2 of Nicotiana tabacum L. is phosphorylated by unknown kinase(s) and associated with 14-3-3 proteins, and the association of the GS2 octamer with the 14-3-3 proteins may maintain its active configuration (Riedel et al. 2001) . GS2 proteins of Medicago truncatula also bind to 14-3-3 proteins, and the phosphorylation of GS2 proteins leads to selective proteolysis (Lima et al. 2006a , Lima et al. 2006b ). GS2 proteins of Triticum aestivum L. are activated by the direct binding of aluminum in the presence of magnesium ions (Pécsváradi et al. 2009 ). In bacteria, GS is regulated by the feedback inhibition of several metabolites and adenylylation (Stadman 2001) . The GS activity in Escherichia coli is controlled by two nucleotidylation cycles, the uridylylation cycle of PII and the adenylylation cycle of GS (Rhee et al. 1985) . The uridylyltransferase/uridylyl-removing enzyme (UTase/UR, encoded by glnD) of E. coli determines the uridylylation state of the PII signal transduction protein in response to nitrogen status as reflected by cellular glutamine levels (Adler et al. 1975) . Under low nitrogen conditions, PII proteins are uridylylated, leading to the activation of GS by de-adenylylation through the regulation of an adenylyltransferase (Ninfa and Atkinson 2000) .
A co-expression analysis using the database ATTED-II (Aoki et al. 2016) revealed that expression of the At1g16880 gene is strongly correlated with GLN2 expression. Its encoded protein, ACR11, is similar to UTase/UR in bacteria. Both UTase/UR and ACR11 contain ACT regulatory domains that serve in the feedback regulation of several amino acids Goodman 2002, Sung et al. 2011) . ACR11 was reported to be localized to the chloroplasts and interact with ferredoxin-dependent GOGAT (Fd-GOGAT) (Sung et al. 2011 , Takabayashi et al. 2016 . The expression patterns of ACR11 and GLN2 are similar; their transcripts are abundant in leaves, stems and flowers, and are increased by light or sucrose treatments (Sung et al. 2011) . Nevertheless the function of ACR11 remains unknown. Here we showed that ACR11 promotes GS2 activity in A. thaliana by biochemical analyses.
Results
To analyze the properties of ACR11, three recombinant proteins, glutathione S-transferase (GST)-tagged GS2 (GST-GS2), polyhistidine-tagged GS2 (His-GS2) and GST-tagged ACR11 (GST-ACR11) were expressed and purified from E. coli (Fig.  1a) . The GST-GS2 and His-GS2 activities were increased by 150% and 140%, respectively, in the presence of GST-ACR11 in vitro, but not in the presence of GST alone (Fig. 1b, c) . The GST-GS2 and His-GS2 activities were enhanced in a GST-ACR11 protein concentration-dependent manner (Fig. 1d, e) .
To exclude the effects of the transit peptide, recombinant proteins without the predicted transit peptide were purified from E. coli. The trigger factor (TF)-tagged GS2 protein without the transit peptide was named TF-GS2(-Tra) (Fig. 2a) . The GST-tagged ACR11 protein without the transit peptide, named GST-ACR11(-Tra), was similarly purified from E. coli (Fig. 2a) . TF-GS2(-Tra) activity increased in the presence of GST-ACR11(-Tra) by 140%, but did not increase in the presence of the GST proteins (Fig. 2b) . The TF-GS2(-Tra) activity was also enhanced in a GST-ACR11(-Tra) concentration-dependent manner, with an increased activity level of >200% (Fig. 2c) . The kinetic properties of TF-GS2(-Tra) were determined by Lineweaver-Burk plots, and the K m value for glutamine was decreased in the presence of GST-ACR11(-Tra) proteins, whereas the V max value was not affected (Fig.  2d) . To clarify the specificities of GS activation by ACR11, the polyhistidine-tagged GS1;3 and 1;4 (His-GS1;3 and His-GS1;4, respectively) were purified from E. coli. The addition of ACR11 changed the activity of His-GS1;3 and His-GS1;4 only by 94% and 97%, respectively, of their activity in the absence of ACR11. Thus, ACR11 was shown to activate GS2 specifically.
The in vivo function of ACR11 was analyzed using a T-DNA insertion mutant acr11 (Fig. 3a) . The GS2 protein levels were not affected by the ACR11 knockout (Fig. 3a) . The GS activity was measured in plants grown on rockwool for 4-5 weeks under nitrogen-replete or nitrogen-limited conditions (7or 0.35 mM nitrate, respectively). The GS activity was reduced in acr11 plants grown with 0.35 mM nitrate, while the GS activity was not affected in plants grown with 7 mM nitrate (Fig. 3b) . Genetic complementation was performed by introducing the ACR11 open reading frame driven by the Cauliflower mosaic virus 35S promoter into acr11 plants, and the GS activity of plants grown on rockwool with 0.35 mM nitrate was restored by the complementation of ACR11 (Fig. 3c) . The levels of 19 amino acids were then quantified by gas chromatography- Error bars indicate the mean ± SD (n = 3). The value of GS activity in the absence of GST-ACR11 is set to 100%. *P < 0.05, **P < 0.005. mass spectrometry (GC-MS) in plants grown on rockwool with 0.35 mM nitrate (Fig. 3d) . Of 19 amino acids, only glutamine decreased in acr11 (Fig. 3d) . Eight amino acids (alanine, glycine, leucine, threonine, serine, aspartate, methionine and phenylalanine) increased in acr11 plants, and these changes in amino acid levels were recovered by genetic complementation (Fig. 3d) . A quantitative real-time PCR analysis was performed with plants grown on rockwool with 0.35 mM nitrate (Fig. 3e) . The expression levels of GLN1;1 and GLN1;4 were up-regulated in acr11 and the levels of GLN1;2, GLN1;3 and GLN2 were similar in wild-type Columbia-0 (Col-0) and acr11 (Fig. 3e ). GLN1;5 transcripts were not detected under our experimental conditions. The three genes encoding GOGAT proteins (GLU1, GLU2 and GLT) were similarly expressed in two strains (Fig. 3e) .
To clarify the dependence of the ACR11 function on nitrogen status, we then measured amino acid levels in plants grown under nitrogen-replete conditions (7 mM nitrate). Similar to nitrogen-limited conditions (0.35 mM nitrate), several amino acids, with the exception of glutamine, increased by the ACR11 knockout (Fig. 4) . We then compared the growth of the plant lines under various conditions, and found that acr11 plants were smaller than Col-0 on the soil supplemented with nutrient solution (Fig. 5) . The visual phenotype was recovered by complementation of acr11 plants with the ACR11 gene ( ) than under conditions of higher light intensity (60-75 mmol photons m -2 s -1 ) (Fig. 5) . Finally, the pull-down assay revealed that GST-ACR11(-Tra) proteins were co-precipitated with TF-GS2(-Tra) proteins, but GST proteins were not (Fig. 6a ). An immunoprecipitation analysis revealed that the antisera against ACR11 precipitated GS2 proteins (Fig. 6b) . In our immunoprecipitation analysis, it was unclear whether ACR11 bound with Fd-GOGATs owing to the smeared bands (Fig. 6b) . These results confirmed the interaction between ACR11 and GS2 in vitro and in vivo.
Discussion
In this study, we demonstrated that ACR11 functions as an activator of GS2 in A. thaliana (Figs. 1, 2 ). While the bacterial UTase/UR indirectly regulates GS proteins, the plastid uridylyltransferase-like protein directly enhances GS activity in A. thaliana. The detailed mechanism of nitrogen signal transduction, particularly the biochemical function of ACT domains in ACR11, is unclear at present. K m values of GS2 for glutamine were higher than 20 mM even in the presence of ACR11 (Fig.  2d) , which is not consistent with physiological amino acid Error bars indicate the mean ± SD (n = 3). The value of GS activity in the absence of GST-ACR11(-Tra) is set to 100%. *P < 0.05, **P < 0.005. (d) Kinetic parameters of TF-GS2(-Tra) in the absence or presence of GST-ACR11(-Tra). The V max and K m values were determined by a Lineweaver-Burk plot, whose data were obtained from three independent experiments performed with different substrate concentration (30, 40, 50 and 60 mM glutamine). levels. Assay of the GS synthetic reaction, which measures glutamine generated from glutamate and ammonium, will be important in the future to unravel the biochemical properties of GS2 accurately. Our knockout of ACR11 induced the expression of the genes encoding cytosolic GSs (Fig. 3e) , indicating a negative relationship between GS2 and the GS1s, consistent with a previous study (Diaz et al. 2008) . The expression of GLN1;1, GLN1;3 and GLN1;4 is up-regulated within nitrogen-starved roots of A. thaliana (Ishiyama et al. 2004) , and a biochemical analysis has revealed that GS1;1 and GS1;4 have relatively low K m values for glutamate compared with the values of GS1;2 and GS1;3 (Ishiyama et al. 2006) . Thus, the decreased glutamine level, which is caused by the ACR11 knockout and possibly mimics a nitrogen-starved status (Gutiérrez et al. 2008 ), leads to increased transcript levels of GLN1;1 and GLN1;4 in acr11. Glutamine levels were also decreased under high nitrate conditions by ACR11 knockout (Fig. 4) , which may be caused by imbalance of cytosolic and plastid GS proteins; however, the reason is unclear at present.
Because GS2 is important for photorespiration in chloroplasts (Edwards and Coruzzi 1989) , the increase in serine and glycine levels in the ACR11 knockout mutant (Fig. 3c) could be due to reduced ammonium re-assimilation during the photorespiratory carbon cycle. The growth phenotype indicates the importance of ACR11 in nitrogen assimilation in A. thaliana (Fig. 5) . A previous study revealed that sucrose and amino acids regulate GLN2 transcription, and GS enzymatic activity was upregulated in the presence of 3% sucrose (Oliveira and Coruzzi 1999) . Our GC-MS analysis suggests the importance of co-ordinating the GS2 activity and primary metabolism in this plant (Fig. 3d) . In addition to nitrogen-limited conditions, amino acid levels were altered by the ACR11 knockout under nitrogen-replete conditions (Fig. 4) , nevertheless the GS activity was rather increased in acr11 plants (Fig. 3b) . These results indicate The relative GS activities of Col-0 and the ACR11 knockout mutant under high (7 mM) and low (0.35 mM) nitrate conditions. Error bars indicate the mean ± SD (n = 5). The value of GS activity in Col-0 grown with 7 mM nitrate is set to 100%. (c) Complementation of the ACR11 insertion mutant with the ACR11 gene. The value of GS activity in Col-0 is set to 100%. Error bars indicate the mean ± SD (n = 5). (d) Amino acid levels in plants grown on rockwool supplied with 0.35 mM nitrate. Error bars indicate the mean ± SD (n = 5-6). The value of Col-0 is set to 100%. (e) Quantitative real-time PCR analysis. The relative transcript levels of genes involved in the GS-GOGAT cycle in A. thaliana. RNAs were isolated from plants grown on rockwool supplied with 0.35 mM nitrate. Error bars indicate the mean ± SD (n = 5-6). The value of wild-type Col-0 is set to 100%. *P < 0.05, **P < 0.005. multiple functions of ACR11 in amino acid metabolism in addition to the regulation of GS2 activity. ACR11 physically interacts with Fd-GOGAT, and ACR11 knockout reduces the protein levels of Fd-GOGAT in leaves (Takabayashi et al. 2016 ). These results suggest that amino acid levels are controlled by various enzymes, and the alteration of amino acid levels in acr11 plants are the result of changes not only in the GS activity but also in the activities of GOGAT and/or other proteins. Detailed mechanisms of the regulation of amino acid metabolism in A. thaliana remain to be elucidated, but ACR11 plays key roles in determining the amino acid levels in this plant (Fig. 6c) .
Evolutionarily, plastids of higher plants are the outcome of the endosymbiosis of cyanobacteria (Cavalier-Smith 1982) . However, only 21 proteins are derived from cyanobacteria out of the >100 nuclear-encoded plastid enzymes involved in amino acid biosynthesis in A. thaliana (Reyes-Prieto and Moustafa 2012). GS2 and ACR11 in higher plants are not derived from cyanobacteria, but two Fd-GOGATs are (Sung et al. 2011, Reyes-Prieto and Moustafa 2012) . These results indicate that a hybrid GS-GOGAT cycle was maintained in A. thaliana. UTase/UR physically interacts with the PII protein, regulating GS activity in enteric bacteria (Ninfa and Atkinson 2000) . The PII-like protein is also conserved in the A. thaliana genome and is localized in the plastids (Hsieh et al. 1998 ). It interacts with N-acetylglutamate kinase and acetyl-CoA carboxylase, but not with uridylyltransferase-like proteins including ACR11 (Ferrario-Méry et al. 2006 , Feria-Bourrellier et al. 2010 . Therefore, GS regulation in plastids seems to be independent of the PII-like protein, consistent with our results. Cyanobacteria do not possess the uridylyltransferase-like protein (Kanesaki et al. 2012 ) and, thus, the association between GS2 and ACR11 emerged after the endosymbiosis of cyanobacteria. These data contribute to our knowledge on the evolution of nitrogen assimilation in higher plants. 
Materials and Methods

Plant materials and growth
The wild-type Col-0 and T-DNA insertion line named acr11 (SAIL_14_H10) of A. thaliana were grown in a room-type chamber at 22 C under fluorescent light (16 h light/8 h dark cycle) on agar-solidified half-strength Murashige and Skoog medium containing 1% sucrose or on rockwool supplied with nutrient solution [1.5 mM NaHPO 4 , 0.25 mM Na 2 HPO 4 , 2 mM Ca(NO 3 ) 2 Á4H 2 O, 3 mM KNO 3 , 1.5 mM MgSO 4 , 58 mM Na 2 EDTAÁ2H 2 O, 8.7 mM NaFeEDTA, 10 mM MnCl 2 , 1 mM ZnCl 2 , 1 mM CuCl 2 , 30 mM H 3 BO 3 , 24 nM (NH 4 ) 6 MoO 24 and 130 nM CoCl 2 ] (Hirai et al. 1995) . The final nitrate concentration of the nutrient solution was 7 mM. For nitrogen-limited conditions, 2 mM Ca(NO 3 ) 2 and 3 mM KNO 3 were substituted with 0.1 mM Ca(NO 3 ) 2 , 0.15 mM KNO 3 , 1.9 mM CaCl 2 and 2.85 mM KCl. The plants were also grown in soil [PRO-MIX (Premier Horticulture Inc.) : vermiculite (VS Kakou Corp.) = 2 : 1 containing a few grains of fertilizer [HANA TO YASAI NO KASEI HIRYO (Tosho)] watered with nutrient solution (7 mM nitrate). The above-ground parts of 4-to 5-week-old plants were harvested, immediately frozen with liquid nitrogen and stored at À80 C until used.
Construction of the vectors for recombinant proteins
The cDNAs were synthesized with SuperScript III First Strand Synthesis Systems (Life Technologies Japan) using RNA extracted from wild-type plants with an RNeasy Mini Kit (Qiagen). The full-length cDNAs of GLN2 and ACR11 were amplified by PCR with KOD polymerase (Toyobo) and the specific primers; GLN2 for pGEX5X-1 (5 0 -ATGAATTCATGGCTCAGATCTTAGCA-3 0 and 5 0 -GTT GTCGACAACATTCAAAGAAAGCTT-3 0 ), GLN2 for pQE80L (5 0 -CCATGCATGC ATGGCTCAGATCTTAGCA-3 0 and 5 0 -GTTGTCGACAACATTCAAAGAAAGCT T-3 0 ) and ACR11 for pGEX5X-1 (5 0 -ATGGGATCCCCATGGCTATGGCCTCTG CT-3 0 and 5 0 -TGAGTCGACTCAGAAACTTGACTCGTC-3 0 ).
The PCR fragments of GLN2 were cloned into pCR-Blunt II-TOPO vector (Life Technologies Japan), and the resultant plasmids were digested with EcoRI and XhoI, and cloned into the EcoRI-SalI site of pGEX5X-1 (GE Healthcare) or digested with SphI and SalI, and cloned into the SphI-SalI site of pQE80L (Qiagen). The PCR fragment of ACR11 was digested with BamHI and SalI, and cloned into the BamHI-XhoI site of pGEX5X-1.
The vectors for the recombinant proteins of GS2 and ACR11 excluding transit peptides were subsequently synthesized. The region of GLN2 encoding +46 to +430 amino acid residues was amplified by KOD polymerase and specific primers 5 0 -CCATGCATGCGGCTTTAGAGTTCTTGCT-3 0 and 5 0 -GTTGTC GACAACATTCAAAGAAAGCTT-3 0 . The amplified PCR fragment was digested by SphI and SalI, and cloned into the SphI-SalI site of pCold-TF vector (TAKARA BIO). The region of ACR11 encoding +53 to +290 amino acid residues was amplified by KOD polymerase using the specific primers 5 0 -ATGGGA TCCCCTTATCCACTTTGAAGATT-3 0 and 5 0 -TGAGTCGACTCAGAAACTTGA CTCGTC-3 0 . The amplified PCR fragment was digested by BamHI and SalI, and cloned into the BamHI-XhoI site of pGEX5X-1.
Purification of recombinant proteins from E. coli
The vectors were transformed into BL21-CodonPlus(DE3)-RIPL (Agilent Technologies). The polyhistidine-tagged GS2 (His-GS2), GST-tagged GS2 (GST-GS2), GST-tagged ACR11 (GST-ACR11) and GST-tagged ACR11 without transit peptide [GST-ACR11(-Tra)] were induced by 10 mM isopropyl-b-Dthiogalactopyranoside (IPTG). The TF-and polyhistidine-tagged GS2 without transit peptide [TF-GS2(-Tra)] was induced by being placed on ice for 30 min coupled with the addition of 10 mM IPTG. His-GS, GST-GS2, GST-ACR11, GST-ACR11(-Tra) and TF-GS2(-Tra) proteins were purified from soluble fractions as described by Osanai et al. (2005) except that TALON metal affinity Fig. 6 In vitro and in vivo interaction between a plastid-type glutamine synthetase (GS2) and a uridylyltransferase-like protein, ACR11. (a) Pulldown assay using TALON-resin. A 2 mg aliquot of TF-GS2(-Tra) was used as bait and 0.05 mg of GST or GST-ACR11(-Tra) was used as prey. Precipitated proteins were detected by immunoblotting with antisera against GST. The experiment was performed three times and a representative result is shown. (b) Immunoprecipitation analysis. Proteins precipitated by antisera against ACR11 were subjected to SDS-PAGE in a 12% polyacrylamide gel. GS2 or GOGAT were detected by immunoblotting with rabbit antisera. The experiment was performed three times and a representative result is shown. (c) Schematic model of GS activation in A. thaliana by ACR11. The GS2 activity is enhanced by ACR11, and Fd-GOGAT was stabilized by ACR11. Amino acids whose biosynthesis is positively and negatively regulated by ACR11 are designated by red and blue, respectively. resins (TAKARA BIO) for TF-or polyhistidine-tagged proteins, and glutathione-Sepharose 4B resins (GE Healthcare Japan) for GST-tagged proteins were used for the purification. In the purification of GST-GS2, a wash buffer containing 10 mM ATP was used to remove the chaperon from E. coli. His-GS2 proteins were purified from insoluble fractions as previously described (Osanai et al. 2005) . The polyhistidine-tagged GS1;3, and GS1;4 (His-GS1;3 and His-GS1;4) proteins were expressed in BL21-CodonPlus(DE3)-RIPL with the previously constructed vector (Ishiyama et al. 2004 ). His-GS1;3 and His-GS1;4 as well as His-GS2 proteins were purified from the insoluble fractions.
Antiserum production and immunoblotting
The antiserum against ACR11 was commercially produced by Tampaku Seisei Kogyo from a rat and a rabbit. Antibodies against GS2 and Fd-GOGAT were purchased from Agrisera Co. Ltd. Immunoblotting was performed as described previously (Osanai et al. 2014 ).
Assay of GS activity
GS transferase activity was determined as described by Cullimore and Sims (1980) . For GS activity in vitro, the recombinant proteins were added to 400 ml of Assay Reagent (125 mM Tris-acetate, pH 6.4, 125 mM glutamine, 0.625 mM ADP, 1.25 mM MnCl 2 and 25 mM sodium arsenate) and adjusted with sterilized water to a total volume of 450 ml, followed by incubation for 2 min at 30 C. After the addition of 50 ml of 0.6 M NH 2 OH, the reaction mixtures were incubated for 10 min at 30 C. The reaction was terminated by the addition of 500 ml of Stop Reagent (0.37 M FeCl 3 , 0.67 M HCl and 0.2 M trichloroacetate) and incubated for 10 min at room temperature, followed by a measurement at A 340 .
For GS activity in vivo, plant materials were frozen in liquid nitrogen and homogenized by zirconium beads in a 2 ml plastic tube using a Mixer Mill MM 300 (Retsch) for 15 min. The disrupted plants were suspended in 1 ml of GS assay buffer (10 mM Tris-HCl, pH 8.0, 1 mM dithiothreitol, 5 mM MgCl 2 and 1% Polyclar) and additionally homogenized using the Mixer Mill MM 300 for 10 min. After centrifugation at 20,500 Â g for 5 min, crude extracts were filtered by gauze, and the protein concentration of the filtrates was quantified using the Bio-Rad Protein Assay with bovine serum albumin as standard. Then, 50 ml of the filtrates containing a total of 12 mg were mixed with 400 ml of Assay Reagent and incubated for 2 min at 30 C. After the addition of 50 ml of 0.6 M NH 2 OH, the reaction mixtures were incubated for 20 min at 30 C. The reaction was terminated and quantified, as was the GS activity in vitro. The specific GS activities are listed in Supplementary Table S1 .
Quantitative real-time PCR
Total RNAs were extracted from the above-ground parts of 4-to 5-week-old plants using an RNeasy Mini Kit. cDNAs were synthesized using the SuperScript III First Strand Synthesis Systems from 2 mg of total RNAs. Quantitative realtime PCR was performed using StepOne Plus (Life Technologies Japan) as per the manufacturer's instructions, using the primers listed in Supplementary  Table S2 . The expression level of ubiquitin-conjugating enzyme 9 (UBC9) was used as an internal standard.
Construction of the complement plants
For complementation analysis, a full-length cDNA of ACR11 was amplified by KOD polymerase and the specific primers 5 0 -CACCATGGCTATGGCCTC TGCT-3 0 and 5Á-TCAGAAACTTGACTCGTC-3 0 . The amplified fragments were inserted into the pENTR vector using the pENTR/D-TOPO Cloning Kit (Life Technologies Japan). The ACR11 coding region was cloned into the pGWB2 vector (Nakagawa et al. 2007 ) using the LR clonase II Plus Enzyme Mix (Life Technologies Japan). The resultant plasmid was introduced into Agrobacterium tumefaciens EHA101 by the method of An et al. (1988) . Transformation of acr11 plants was carried out using the floral dip method (Clough and Bent 1988) .
Pull-down assay
A 2 mg aliquot of purified TF-GS2(-Tra) was bound to 20 ml of TALON resins for 30 min at room temperature, mixed with 0.05 mg of GST or GST-ACR11(-Tra) in 500 ml of HEPES-binding buffer [50 mM HEPES-KOH (pH 8.0), 5% glycerol and 0.1% Triton X-100] and incubated for 1 h at room temperature. The resin was washed three times with 150 ml of HEPES-binding buffer, suspended in 50 ml of SDS sample buffer [250 mM Tris-HCl (pH 6.8), 20% sucrose, 20% 2-mercaptoethanol, 8% SDS and 0.04% bromophenol blue] and heated for 4 min at 98 C. The extracts were subjected to SDS-PAGE and detected by immunoblotting with antiserum against GST (Sigma).
Immunoprecipitation
Aliquots of 1.3 g of the above-ground parts from Col-0 plants were frozen in liquid nitrogen and ground to a powder using a mortar and pestle. The powders were suspended in 10 ml of IP binding buffer [20 mM HEPES-KOH, pH 7.8, 10 mM NaCl, 5 mM MgCl 2 with one tablet of Complete Mini, EDTA-free (Roche Diagnostics)]. After centrifugation at 17,400 Â g for 10 min at 4 C, the protein concentration in the supernatant was measured using Quick Start Bradford Protein Assay (Bio-Rad) and the supernatant was used as a cell extract. Anti-ACR11 or pre-immune antiserum from rat (20 ml) was mixed with 200 ml of protein G-Sepharose (GE Healthcare) and 300 ml of IP binding buffer. Then, 0.75 mM disuccinimidyl suberate (DSS; Thermo Scientific) was added to cross-link antibodies to protein G-Sepharose resins, and the mixture was mixed for 40 min at room temperature. The cross-linking reaction was quenched by adding 50 ml of 1 M Tris-HCl (pH 8.0). The resin was washed five times with 500 ml of IP binding buffer. Cell extracts each containing 1.25 mg of total protein were mixed with the resin and incubated at 4 C for 2 h. The resin was washed twice with 500 ml of IP binding buffer. Precipitated proteins were eluted with 150 ml of glycine elution buffer (100 mM glycine-HCl, pH 2.7). Proteins were detected by immunoblotting with the antisera against GS2 or GOGAT.
Statistical analyses
All statistical analyses were performed using StatPlus:macLE software for MacOSX (Analyst Soft). P-values were determined using paired two-tailed t-tests. A 95% confidence interval was used to determine significance.
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